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The reported enhanced singlet-exciton yields in light-emitting polymers over the statistical limit 
of 25% has attracted wide experimental and theoretical attention. Most theoretical estimates of 
■ the singlet-exciton yield depend crucially on estimates of the inter-system crossing rates induced 

^ ' by spin-orbit coupling. In this paper we use the experimentally determined phosphorescent life- 

^ time and energy of the lowest-lying triplet state, as well as calculated values of Huang-Rhys factors 

to estimate the spin-orbit matrix element and inter-system crossing time between the lowest-lying 
' singlet and triplet states. 
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The reported enhanced singlet-exciton yields in light-emitting polymers over the statistical limit of 25% has attracted 
wide experimental and theoretical attention. See the reviews! anc£ for references to the experimental and theoretical 
work. Most theoretical estimates of the singlet-exciton yield depend crucially on estimates of the inter-system crossing 
rates induced by spin-orbit coupling. A determination of this rate would therefore be useful in attempting to resolve 
the issue of whether or not the singlet exciton yield is enhanced in light emitting polymers. In this paper we make an 
estimate of this rate. We determine the spin-orbit matrix element between the lowest excited singlet and triplet states 
■ from the phosphorescence life-time of the triplet state. We use this matrix element to determine the inter-system 
crossing rate using the Fermi golden rule. 
c/2 ■ Emission occurs from the 'triplet' state, T\, because it acquires some singlet character as a result of the mixing with 
the 'singlet' state, Si, induced by spin-orbit coupling, Hso- Thus, the experimentally determined lifetimes of S\ and 
T\ can be used to estimate the matrix element of the spin-orbit coupling, (Si\Hgo\T±), and hence tisc- Assuming 
that the spin-orbit coupling is much smaller than the exchange energy, A, we can employ perturbation theory. 
We use the result from first order perturbation theory that the perturbed state, |M'), is, 



where H is the perturbation. Here, the state \N) is a Born-Oppenheimer state, namely a direct product of an 
. electronic state, |n), and a vibrational state associated with that electronic state, \i>;n): 

\N) = \n)W;n). (2) 

' We require the corrected triplet state, \T[), resulting from the mixing with the singlet state, \Si), via the spin-orbit 
coupling, H S o- 

SI \T[) = \T 1 ) + J2 {S ; lHs i Tl) \S 1 ). (3) 

j-H * 1 Here, the sum is over the vibrational levels of the singlet manifold. In particular, the zeroth vibronic state of the 
O ' r triplet manifold is 

'i\ \A)m) =i*i)io;* 1 ) + E <y;8li y°J! 1>|0;fl> Mi'-^i) w 

= MlOjti) + ( Sl \H SO \ti) ]T < y i|0 lt l) | Sl )|^; Sl >. 
The general expression for the overlap of two vibrational wavefunctions is^, 



(n;iW;j) = ^(-^j "exp(- a y4)i^( a y2), (5) 



where L r f n {x) are the associated Laguerre polynomials, 

(m - k)\(n + k)\k\ 
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and 

-j-iQi-Qi), (7) 

is the difference in the dimensionless electron-lattice coupling between the electronic states \i) and \ The Huang- 
Rhys factor is, 

Si, = (8) 

Thus, the vibrational overlap between the zeroth level of the triplet manifold and the i/th level of the singlet manifold 
is, 

( i /; S x|0;t 1 )=exp(-S/2)y^[sgn(Q t -Q s )] y , (9) 

where S is the Huang-Rhys factor for the singlet relative to the triplet and sgn(Qt — Q s ) is the relative sign of the 
difference in the configurational coordinates of the singlet and triplet states. 
We therefore write Eq Q as, 

|*i)|0;ti) - Ih^hj-Wlsj^Mv,^), (10) 

where, 

A v = C ^ /2Y '\ [sgn(Q t - Q S )Y , (11) 

A is the — energy difference between the singlet and triplet states, huj is the phonon frequency and 

W = (a 1 \H so \t 1 ), (12) 

is the electronic spin-orbit matrix element, which we wish to determine. 
The radiative life-times are derived from the Einstein expression, 

r M 1 = ( 1 ^)^M(So\mr, d3) 

where AEm is the transition energy and \Sq) is the ground state. 

We consider the life-time of the vertical transition from the zeroth vibronic level of the triplet state to the v tl th 
level of the ground state, where v tl is defined by 

v tl = S tl - 1/2 (14) 

and St! is the Huang-Rhys factor of the triplet state relative to the ground state. Calculating the matrix element 
(* / ti;so|(«o|AI*i)|0;* / i) using Eq. (HUJ gives, 

(i / t 1 ;«o|(«o|/t|* / i)l ;*i) = W{so\fi\si)'y]A v {vt 1 ;so\v; si) 

V 

= W(s \v\si)(v Sl ;so\0;s 1 )y— — — (15) 

„ (^i;so|0;si) 

as (s \jl\ti) — 0. u Sl — S Sl — 1/2, where S S1 is the Huang-Rhys factor for the singlet state relative to the ground state. 
Now, 

K;*oK*o|AI*i>|0;«i) = («o|AI*i>K;*o|0;ti) = (S \p,\T{) v (16) 

and 

(i/ sl ;s |(so|A|si)|0;si) = (s |/i|si)(iv; s |0; si) = (So\fr\Si) v (17) 
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for the vertical transitions from the triplet and singlet states, respectively. 
Thus, Eq (|T31) becomes, 

(S \fAT{) v = (Sol^S^WX, (18) 

where we define, 



K; So |0; Sl ) ' (19) 



The expression for the ratio of the life-times is therefore 

where A£yj is the excitation energy of of the state Y\ . 

The Huang- Rhys factors required for the determination of X (Eq l)19p) are estimated from density matrix renor- 
malization group calculations of the Pariser-Parr-Poplc-Pcicrls model for poly(p-phenylene) oligomers 4 . We find for 
short oligomers (4 — 8 phenyl rings) that S ~ 1.1, St 1 ~ 2.9 and S Sl ~ 0.9. In PPV-DOO the radiative lifetimes of Si 
is 200 ps 5 , while AE Sl = 2.6 eV 5 , AE Tl = 1.5eV£, and thus A = 1.1 eV. In PPP derivatives the radiative life time 
of T\ is of order one second^. 

We note that each term in the sum over v in the definition of X contains the factor, 

[sgn(Q tl - Q sl )sgn(Q sl - Q ao )] u = V. (21) 

The value of b (= ±1) determines the value of X. If b = +1, X = 1.15 eV _1 , whereas if b = -1, X = -1.27 eV -1 . 
Since only the absolute magnitude is important, and because the sign of b is unknown we take \X\ = 1.21 eV -1 . 
Using these values in Eq. 1(20) 1 gives \W\ ~5x 10~ 5 eV. 

Inter-system crossing from Si to T\ is an iso-energetic transition from the lowest vibrational level of Si to the 
vibrational level, v, of T\ at the same energy. The rate, k 1 , induced by spin-orbit coupling is given by the Fermi 
Golden Rule expression (see, for example ref&): 

k ISC =^\W\ 2 F 0vPf (E), (22) 

where Fq v is the Franck-Condon factor, (0\v) 2 and Pf(E) is the final density of states, which we take to be the inverse 
of the phonon energy, i.e. 5 eV -1 . 
Thus, 

k ISC = ^\W\ 2 e X p(-S)^p f (E). (23) 

Now, v = 1.1/0.2 = 5.5 and taking S = 1.1 one finds that spin-orbit coupling rise is 5 ps. This rate is very low, and 
is not compatible with a triplet yield under photo-excitation of a few percent. 

Notice that inter-system crossing between Si and T\ is inhibited by the exponentially small Franck-Condon factor 
arising from the large exchange energy between these states. However, inter-system crossing between quasi-degenerate 
states is not inhibited by this factor. It is highly likely that there is a higher lying pseudo-momentum counterpart to 
Ti, T n say, close in energy to Si (see, for example reism andiS). Inter-system crossing to T n would rapidly yield T\ 
excitons via efficient inter-conversion mechanisms. Assuming that Si and T n are quasi-degenerate the inter-system 
crossing time between these states is approximately 500 times smaller than that between Si and Ti, namely ~ 10 
ns. Such a time is compatible with a triplet yield of a few percent. This value is also consistent with an inter-system 
crossing time of 4 ns quoted in refii. 

In conclusion, we have estimated the intersystem crossing time between quasi-degenerate states in the lowest singlet 
and triplet manifolds to be ~ 10 ns. Some theories assume that intersystem crossing between the higher lying quasi- 
degenerate charge transfer excitons is responsible for the enhanced singlet exciton yield (see, for example re£i£). The 
calculation presented here does not directly address this intersystem crossing time, however it is perhaps reasonable 
to assume that both rates are comparable. 
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